Polycrystalline gadolinium (Gd) substituted cobalt ferrites (CoFe 2Àx Gd x O 4 ; x = 0-0.3, referred to CFGO) ceramics have been synthesized by solid state reaction method. Chemical bonding, crystal structure and magnetic properties of CFGO compounds have been evaluated as a function of Gd-content. X-ray diffraction (XRD) and Raman spectroscopic analyses confirmed the formation of inverse spinel cubic structure. However, a secondary ortho-ferrite phase (GdFeO 3 ) nucleates for higher values of Gd-content. A considerable increase in the saturation magnetization has been observed upon the initial substitution of Gd (x = 0.1). The saturation magnetization drastically decreases at higher Gd content (x P 0.3). No contribution from ortho-ferrite GdFeO 3 phase is noted to the magnetic properties. The increase in the magnetic saturation magnetization is attributed to the higher magnetic moment of Gd 3+ ( 4f 7 ) residing in octahedral sites is higher when compared to that of Fe 3+ ( 3d 5 ) and as well due to the migration of Co 2+ ( 3d 7 ) ions from the octahedral to the tetrahedral sites with a magnetic moment aligned anti-parallel to those of rare earth (RE 3+ ) ions in the spinel lattice. Increase in coercivity with increase in Gd 3+ is content is attributed to magnetic anisotropy in the ceramics.
Introduction
Ferrimagnetic materials, are an important class of magnetic ceramics, have drawn much attention for the past few decades due to their remarkable properties like high saturation magnetization, large permeability at high frequency, low eddy current, and high electrical resistivity to be utilized in solid state electronics and magneto-electronics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Particularly, rare earth (RE) ion substituted spinel ferrites are reported to be promising candidates for applications in high-density storage (magnetic cores of read write heads for high-speed digital tape or disk recording), magnetic sensors, magnetic fluids, telecommunication equipments, magnetically guided drug or radioactive nuclide delivery, remote detoxification, radio frequency coils, transformer cores, rod antennas, and are also good candidates for microwave applications [2, 3] .
In AB 2 O 4 type centrosymmetric spinel ferrites, the metal ions are situated in two different sub-lattices designated tetrahedral (A-site) and octahedral (B-site) in a unit cell. Magnetic and electrical properties of these ferrites depend on the nature and distribution of their cations in the two tetrahedral and octahedral sub-lattices of a cubic structure [4, 5] . These high Curie temperature magnetic insulators can also be used in spintronics [6] and spincaloritronics (spin-transfer torque devices) [7] applications due to their natural non-zero magnetic moment along with spin dependent band gaps. Recently, AB 2 were also utilized in multiferroic composites [3, [8] [9] [10] [11] [12] [13] [14] [15] .
Among the spinel ferrites, large magnetostrictive cobalt ferrite CoFe 2 O 4 (CFO) is widely studied due to its high Curie temperature (T C $ 793 K), large magneto-crystalline anisotropy, high coercivity, moderate saturation magnetization, chemical stability and mechanical hardness [1] . Rare-earth ions substitution into Fe 3+ -site in AB 2 O 4 type spinel ferrites has been reported to induce structural distortion and strain and thus significantly modifies the electrical and magnetic properties [16] [17] [18] [19] [20] [21] . Rare-earth (Ho, Er, Tm, Yb, Lu) ion doping/substitution into cobalt ferrite tend to decrease the room-temperature magnetization as well as the Curie point [22] . Magnetic properties of nanocrystalline Sm-substituted CFO synthesized by citrate precursor method was reported by Rashad et al. [5] . However addition of Sm 3+ ions resulted in decreased saturation magnetization and coercivity. Decreased saturation magnetization with an increase in samarium content was also observed for samarium substituted CFO nanopowder synthesized by sol-gel method and this decrease is attributed to the decrease in the net magnetic moment due to the substitution of nonmagnetic ion in the octahedral site [19] . The temperature dependence of magnetization studies of gallium (Ga)-substituted cobalt ferrite (CoGa x Fe 2Àx O 4 ) revealed the magnetization increase for lower Ga 3+ content (x = 0.2 and 0.4) when compared to pure CFO at low temperature and as the temperature increased from 10 K to 400 K magnetization decreased (x = 0.4) [23] . Negligible room temperature magnetization with more than two-fold increase in coercivity [$29 kA/m for x = 0 to $66 kA/m for x = 0.02] was reported for Er-doped cobalt-ferrite nanocrystals by a sol-gel assisted auto combustion method because of their low magnetic-ordering temperature (<90 K) [24] . ) incorporation into CFO and understand the Gd-induced chemical bonding changes, Raman spectroscopy coupled with X-ray diffraction has been employed. Understanding the chemical structure changes and correlating with magnetic properties of these CFGO materials is expected to further enhance our current understanding of the RE-ion substitution in ferrites. The effect of Gd substitution on the chemical structure magnetic properties is reported in this paper.
Experimental section
The CFGO polycrystalline compounds were prepared from 99.99% pure CoO, Fe 2 O 3 , and Gd 2 O 3 by the solid state reaction method. Powders of the starting materials were ground in an agate mortar and pestle for 2 h in an ethanol medium and the mixtures were heat treated in air at 1200°C for 12 h employing controllable furnace with a ramp rate of 10°C/min for both heating and cooling. Calcined powders were mixed with PVA binder and pressed in a Carver press at 4.5 tons, sintered at 1300°C for 12 h. The pellet diameter and thickness were $7.9 mm and 1.5 mm, respectively. Phase identification and crystal structure of the materials synthesized were investigated using X-ray diffraction (XRD) measurements employing a Bruker D8 Discover X-ray diffractometer. Measurements were made at room temperature using Cu Ka radiation (k = 1.5406 Å). The Raman spectral analysis (Lasos 77, argon laser source: k = nm and 10 mW power, and range: 200-900 cm À1 ) was performed on the sintered samples. The magnetic characterization was performed using Quantum-Design MPMS-3 superconducting quantum interference device magnetometer.
Results and discussion

X-ray diffraction
XRD patterns of pristine CFO and Gd-substituted CFO (CFGO) are shown in Fig. 1 . XRD patterns revealed that the pristine CFO and CFGO ceramics were in the inverse spinel phase, along with the peaks corresponding to minor amount of ortho-ferrites (GdFeO 3 ) is also observed for x P 0.2 in CFO. As shown in Fig. 1 , all the diffraction peaks were indexed to a simple cubic structure with Fd 3m space symmetric group, according to the standard CFO powder diffraction data (JCPDS # 22-1086). Formation of these ortho-ferrites (REFeO 3 ) is common for rare-earth ion doped ferrites [1, [26] [27] [28] [29] [30] [31] [32] [33] [34] . Lattice parameters for the CFO and CFGO ceramics were in the range of 8.373-8.394 Å. As the Gd content increases, there is an increase in both lattice parameter and volume of the unit cell, this volume expansion is due to complete incorporation of the rare-earth Gd ions into the unit cell leading to expansion. 
Raman spectroscopy
Raman spectroscopy measurements in the wavenumber region 150-900 cm À1 at room temperature are carried out to further reveal to structural characteristics of the cobalt ferrite with the doping/substitution of the Gd 3+ ions. Inverse spinel structured cobalt ferrite with cubic O 7 h (Fd 3m) symmetry space group has 39 normal vibrational modes, out of which the five active Raman modes are 3T 2g + E g + A 1g [35, 36] . However there are additional 12 Raman modes which are inactive include: T 1g , 2A 2u , 2E u , 4T 1u (IR), T 1g (acoustic), and 2T 2u are largely inactive in spinel structure. These additional Raman modes may be expected in inverse spinel structured ferrites due to random distribution of cations among A and B sites, defects induced lattice distortions, and short range ordering of cations on B sites [37, 38] . In spinel structure the metallic cations occupy either surrounded by six oxygen ions to form an octahedron, or by four oxygen ions to form a tetrahedron. Fig. 2 shows the room temperature Raman spectra for pristine and Gd substituted CFO (x = 0.0-0.3). Furthermore, the spectra in Fig. 2 , did not exhibit any other Raman modes that corresponds to impurity phases confirming the chemical quality of CFGO compounds. As shown in Fig. 2 , all the Raman modes are consistent with those reported for other cubic inverse spinel ferrite structures, which belong to the O 7 h (Fd 3m) space group. The vibrational modes observed were in close agreement with those reported for polycrystalline CoFe 2 O 4 [36, 35] . CFO and CFGO ceramics have shown six peaks. Table 1 presents the wavenumber corresponding to Raman active peaks, most of which are the typical modes of the cubic inverse-spinel ferrite structure. The two Raman modes at around T 1g (2) $ 468-471 cm À1 and A 1g (1) $ 687-693 cm À1 are the characteristic modes of spinel ferrite: the low-frequency mode at T 1g (2) is assigned as the vibrations of the octahedral sublattice, whereas the high energy phonon mode at A 1g (1) originates from vibrations of the tetrahedral sublattice.
To get more detail and accurate information from Raman spectra, both low and high frequency Raman spectra were fitted by superposition of Lorentz peaks expressed by using equation number (1) The data indicate that pure and Gd-substituted CFO compounds crystallize in inverse spinel structure. As indicated, secondary phase GdFeO 3 peaks appear with increasing Gd content.
where x 0 is phonon frequency of the peak, W is its FWHM, A is a constant, and I 0 is intensity of the background. From fitting as shown in Fig. 3 , the Raman peak positions of the three modes are listed in Table 2 with a very little shift to higher wavenumber region to that of unfitted data ( Table 1 ). The deconvoluted Raman spectra for all the major peaks at for pristine CFO and Gd substituted CFO (x = 0.0-0.3) are shown in Fig. 3 . In general, CFO Raman vibrational modes below 600 cm À1 and above 600 cm À1 were attributed to vibrations of oxygen within the octahedral site, while vibrations within tetrahedral sites respectively [39] . The Raman spectra for the CFO and CFGO ceramics exhibit an intense and major peaks near 689-694 cm À1 associated with CFO (A 1g mode) is due to symmetric stretching of Fe (Co)-O bonds, T 1g (2) around 470-472 cm À1 , E g at about 300-307 cm À1 is due to symmetric bending of Fe (Co)-O bonds and a relatively weak shoulder peak together with most intense near 205-210 cm À1 which is attributed to the T 1g mode, which is due to translational motion of the whole tetrahedron. Most intense T 1g (2) Raman mode at around 470 cm À1 is due to asymmetric stretching of Fe(Co)-O bonds. T 1g (2) is related to the octahedral site mode that reflects the local lattice effect in the octahedral sub-lattice and the other intense A 1g mode at about 700 cm À1 and a small peak at 620 cm À1 are the symmetry vibrations of the metal in the tetrahedral site of CoFe 2 O 4 [36] . As the Gd content increases in CFO, weakening of T 1g (1) Raman mode is noted which indicates dilution of the long range order of cations in B sites [37] . Raman mode shift towards lower wavenumber region may be attributed to complete incorporation of Gd into the lattice and as well due to the largest atomic mass of Gd when compared to the Fe. As state in case of X-ray diffraction patterns, the increase in lattice parameters with volume expansion might be due to complete incorporation of larger ionic radii and Gd 3+ (0.938 Å) into smaller 
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Magnetization measurements (M-H)
Magnetic field dependence of magnetization measurements were carried out on a vibrating sample magnetometer at room temperature with a maximum applied field of 8 kOe. Fig. 4(a)-(d) shows the magnetization (M-H) curves for Gd substituted cobalt-ferrites. Clearly, the M-H hysteresis loops vary with Gd content in CFO. The saturation magnetization (Ms), remnant magnetization (Mr), the coercivity (H C ), and remnant squareness ratio R and the magnetic moment (l) values are listed in Table 3 have shown an anomalous improvement in M values compared to CoFe 2 O 4 . This enhancement in the magnetic properties is attributed to the higher magnetic moment of Gd 3+ (4f 7 orbital) which is ) [36, 43] . This can also be ascribed due to the migration of Co
) ions from the octahedral to the tetrahedral sites with a magnetic moment aligned anti-parallel to those of rare earth (RE  3+ ) ions in the spinel lattice and this increase magnetic properties is also theoretically expected [36, 43] . Decrease in magnetization once Gd 3+ content is beyond x = 0.1 in CFGO might be attributed to compositional saturation in the CFO lattice. Substitution of larger ionic radii (0.938 Å) Gd 3+ into smaller Fe 3+ (0.645 Å) in CFO lattice leads to increase in lattice parameter, the contribution of the larger ionic radius in the enhancement of these values is very significant. The M-H loops although non-saturating with increasing content of Gd, indicating weak ferromagnetism in the system. The non-saturation of hysteresis loops might be due to magnetic disorder i.e. spins are canted instead of parallel and anti-parallel. The GdFeO 3 phase is a canted antiferromagnetic with a Néel temperature of 674 K with feeble magnetization. Therefore, there is no considerable contribution from the GdFeO 3 phase to the magnetic properties [40] . The magnetic properties of doped/substituted ferrites mainly arise due to strong superexchange interactions between A-and B-sites cations in the inverse spinel ferrites [41] . However, at higher Gd content (x = 0.3) formation of antiferromagnetic GdFeO 3 phase leads to decrease in M. Zoomed portion of M-H loops with coercivity (Hc) for CFO and CFGO ceramics is shown in Fig. 4 (e) and (f). It is clearly seen from the M-H loops that these materials are ferromagnetic in nature with some remnant magnetization and coercivity values as listed in Table 3 . Hc increases with increase of Gd content, the greater the magnetic anisotropy in the material, the greater coercive field. Hence enhancement in Hc is attributed to magnetic anisotropy [44] . Formation of ortho-ferrite (REFeO 3 ) phase is a common feature for rare-earth doped/substituted ferrites, which in turn decreases the magnetization [1, 26, 27] . Fig. 4 gives the dependence of the coercive force on the substitution content for Co-Gd ferrites. It was observed that the coercivity of CoFe 1.9 Gd 0.1 O 4 was larger than that of a pure CFO ceramics. Calculated squareness ratio (R = Mr/Ms) for all measured compositions is also followed the magnetization trend and these values were $0.106, 0.314, 0.175 for x values of 0.0, 0.1, and 0.3 respectively. According to the Stoner-Wohlfarth model, in the case of an ensemble of uniformly magnetized and isotropically distributed particles without intergrain interactions the squareness ratio (R = Mr/Ms) should be 0.5 and if the exchange coupling between adjacent grains take place, then the R value will exceed 0.5, however it is not in the present CFO and CFGO ceramics [44] .
The saturation magnetization Ms value (132 emu/gm) of the Gd substituted CFO sample at room temperature is greater than that of Dy-doped Ni ferrite $47 emu/g [25] . From the hysteresis loops, the coercive force (Hc), saturation magnetization (Ms or r s ) and magnetic moments (l) were obtained ( Table 3 
Magnetic moment followed similar trend to that of magnetization, with increasing Gd substitution, l/l B increases from 0.806 (x = 0) to 3.086 emu/gm (x = 0.1) followed by a marginal decrease 1.386 (x = 0.3). Similar results were observed for Ga substituted CFO with spin glass behavior [41] .
Conclusions
Chemical bonding, crystal structure and magnetic properties of CoFe 2Àx Gd x O 4 polycrystalline ceramics were investigated. The CFGO ceramics exhibit the inverse spinel structure with slightly enlarged cell lattice constants at the substitution content x 6 0.2. The Gd substituted ions studied in the present work are considered to be ferromagnetic at room temperature, an initial increase in magnetization was observed for x 6 0.2 and then monotonous decrease in magnetization for 0.3 P x 6 0.4 of CFGO was therefore observed for Gd content in CFO.
